Simmons GH, Fieger SM, Minson CT, Halliwill JR. Hypoxic cutaneous vasodilation is sustained during brief cold stress and is not affected by changes in CO 2. J Appl Physiol 108: 788 -792, 2010. First published February 18, 2010 doi:10.1152/japplphysiol.01221.2009.-Hypoxia decreases core body temperature in animals and humans during cold exposure. In addition, hypoxia increases skin blood flow in thermoneutral conditions, but the impact of hypoxic vasodilation on vasoconstriction during cold exposure is unknown. In this study, skin blood flow was assessed using laser-Doppler flowmetry, and cutaneous vascular conductance (CVC) was calculated as red blood cell flux/mean arterial pressure and normalized to baseline (n ϭ 7). Subjects were exposed to four different conditions in the steady state (normoxia and poikilocapnic, isocapnic, and hypercapnic hypoxia) and were cooled for 10 min using a water-perfused suit in each condition. CVC increased during all three hypoxic exposures (all P Ͻ 0.05 vs. baseline), and the magnitude of these steady-state responses was not affected by changes in end-tidal CO 2 levels. During poikilocapnic and hypercapnic hypoxia, cold exposure reduced CVC to the same levels observed during normoxic cooling (P Ͼ 0.05 vs. normoxia), whereas CVC remained elevated throughout cold exposure during isocapnic hypoxia (P Ͻ 0.05 vs. normoxia). The magnitude of vasoconstriction during cold stress was similar in all conditions (P Ͼ 0.05). Thus the magnitude of cutaneous vasodilation during steadystate hypoxia is not affected by CO 2 responses. In addition, the magnitude of reflex vasoconstriction is not altered by hypoxia, such that the upward shift in skin blood flow (hypoxic vasodilation) is maintained during whole body cooling.
IT IS WELL ESTABLISHED that low oxygen levels exert a relaxing effect on peripheral blood vessels in the human limb circulation (1, 15, 17, 19, 20, 25) . In the skeletal muscle circulation and likely the circulation to the hand, locally and humorally mediated hypoxic vasodilation is opposed by increases in sympathetic vasoconstrictor nerve activity (14, 18, 25) . However, we have recently shown that hypoxic vasodilation in the nonacral skin of the forearm is not restrained by neurally mediated sympathetic vasoconstriction (20) . It was suggested that this "unchecked" cutaneous vasodilation may have important thermoregulatory consequences (e.g., during cold exposure) inasmuch as relatively small changes in resting skin blood flow may have a large impact on heat loss from the body core (12) .
During whole body cold stress, skin blood flow is reduced to decrease heat transfer from the core to the periphery, thereby promoting heat conservation (10) . This thermoregulatory adjustment is vital to the prevention of hypothermia in cold environments. However, when cold is encountered during simulated high-altitude exposure, the rate of core cooling appears to be accelerated, and lower core temperatures are reached compared with sea-level conditions (5, 13) . While core temperature falls faster at simulated high altitude, skin temperature remains higher throughout cold exposure compared with sea-level conditions (4, 5) . Taken together, these results indicate greater core-to-skin heat transfer during cold exposure at altitude. Importantly, we are aware of no studies that have measured skin blood flow during combined hypoxia and whole body cold stress.
With the above information as a background, this study was designed around two main goals. First, we sought to determine whether hypoxic vasodilation persists during whole body cooling. We hypothesized that skin blood flow would be shifted to higher values by hypoxia throughout the duration of a brief whole body cold exposure (lasting 10 min). The second study aim was to test the effect of changes in CO 2 levels on the cutaneous vascular response to hypoxia. Hypoxemia can present with a concomitant increase or decrease in systemic CO 2 levels depending on the circumstance or pathological state (e.g., pulmonary disease vs. altitude exposure). However, it is unclear how superimposing hypocapnia or hypercapnia might affect the cutaneous vascular response to hypoxia. Because we have previously reported that hypercapnia causes modest increases in skin blood flow (20) , we hypothesized that development of hypercapnia would increase, and hypocapnia would decrease, the magnitude of cutaneous vasodilation during acute hypoxia.
METHODS
This study was approved by the institutional review board of the University of Oregon, and each subject gave written informed consent before participation.
Subjects. Seven healthy, nonsmoking, normotensive male subjects, age 25 Ϯ 4 yr, completed this study [height 185 Ϯ 9 (SD) cm, weight 84.9 Ϯ 18.1 kg, body mass index 24.6 Ϯ 3.8 kg/m 2 ]. Subjects were taking no medications, and none had been to altitude (Ͼ1,500 m) within 5 mo.
Experimental protocol. Experiments were performed in thermoneutral conditions with the subject supine, wearing a whole body suit perfused with 34°C water, except during cold stress. The waterperfused suit covered the entire body surface except for the head, hands, feet, and forearm where measurement of vascular responses was performed. After donning the water perfused suit, subjects were instrumented for the measurement of heart rate via electrocardiography (Cardiocap/5, Datex-Ohmeda, Madison, WI), ventilation via turbine pneumotach (VMM-400, Interface Associates, Laguna Niguel, CA), arterial pressure via brachial artery oscillometry (Cardiocap/5) and photoplethysmography (Finometer, Finapres Medical Systems BV, Arnhem, the Netherlands), estimated arterial O 2 saturation via earlobe pulse oximetry (Cardiocap/5), and end-tidal PO 2 and PCO2 via mass spectrometry (Marquette MGA 1100, MA Tech Services, St. Louis, MO). Isocapnia/eucapnia was defined as the mean end-tidal PCO2 (nasal cannula) during a 5-min period of quiet breathing that followed subject instrumentation and 15 min of quiet rest. To obtain an index of skin blood flow, cutaneous red blood cell flux was measured on the ventral forearm by laser-Doppler flowmetry (DRT4, Moor Instruments, Devon, UK) with integrated laser-Doppler probes fixed to the skin with adhesive tape. Skin blood flows were expressed as cutaneous vascular conductance (red blood cell flux/mean arterial pressure) and normalized to baseline values (20, 23, 24) .
After instrumentation, subjects were familiarized with a custombuilt breathing circuit equipped with scuba mouthpiece and nose clip as described below. When subjects were comfortable breathing from the mouthpiece, an initial cold stress was performed while subjects breathed normoxic gas and isocapnia was maintained. To induce cold stress, 5 min of baseline data was recorded, and then the water circulating through the whole body suit was cooled at a rate of 2°C/min from 34°C to 14°C during a 10-min period. Subsequently subjects were removed from the breathing apparatus, rewarmed, and rested for 20 min following this initial cold stress. Pilot data were collected in three subjects to ensure that the cutaneous vascular response to 10 min of aggressive whole body cooling is reproducible after 20 min. During these pilot studies, cutaneous vascular conductance decreased to 66 Ϯ 5.7% baseline and 69.5 Ϯ 1.7% baseline before and after 20 min of supine rest (P ϭ 0.563 for pre vs. postsupine rest).
Following the first cold stress and 20-min resting period, subjects were exposed to systemic hypoxia three different times in random order, and each exposure was separated by another 20 min of quiet supine rest. Pilot data were also collected to ensure that the cutaneous vascular response to hypoxia is reproducible after 20 min. During these pilot studies, arterial oxygen saturation decreased to 80.5 Ϯ 0.9% and 82.7 Ϯ 0.2% and cutaneous vascular conductance increased to 127.5 Ϯ 1.7% baseline and 129.3 Ϯ 2.1% baseline before and after 20 min of supine rest (n ϭ 2).
The three hypoxic exposures were identical to one another with the exception of how CO 2 levels were controlled. Initially, 5 min of baseline data was collected, and then hypoxia was induced by decreasing the fraction of inspired oxygen (FIO 2 ) progressively over a 10-min period. The rate of decrease in FIO 2 was designed to produce a fall in arterial O2 saturation of ϳ2%/min down to 80%. After the target level of hypoxia was reached, which approximates an altitude of 16,000 ft (2, 26), 5 min of steady-state data was recorded before a cold stress lasting 10 min was performed as described above. Subjects were then rewarmed and allowed to breathe room air after whole body cooling was complete. This hypoxic exposure (with cold stress) was performed once while end-tidal PCO2 was allowed to fall during hypoxia (poikilocapnia), once while end-tidal PCO2 was clamped at resting levels (isocapnia), and once while end-tidal PCO2 was elevated by 3 mmHg (hypercapnia). All values were recorded continuously before and throughout each simulated environmental stress. The exception was brachial artery blood pressure which was recorded every 5 min.
Control of breathing mixture. To achieve control of tidal gases, subjects breathed from a custom-built breathing circuit using a scuba mouthpiece and nose clip. The inspiratory mixture provided at the mouthpiece originated from three gas tanks-air (20.93% O2), nitrogen (100% N2), and carbon dioxide (100% CO2)-connected to the inspiratory line by flow regulators. The FIO 2 and fraction of inspired CO2 (FICO 2 ) were varied by adjusting the flow rate from each of the gas tanks, and the inspired air was mixed as it filled a 6-liter tube, which served as an inspiratory reservoir. The 6-liter tube connected to the breathing circuit proximal to the mouthpiece, and its distal end was open to room air. Total flow rate through the breathing circuit was always greater than the subjects' minute ventilation, and thus excess gas delivered through the inspiratory line escaped to the room through the 6-liter tube. The mouthpiece consisted of two one-way valves to ensure inspiration from the breathing circuit and expiration to room air.
Data acquisition and analysis. Data were digitized with signalprocessing software (WinDaq, Dataq Instruments, Akron, OH) and analyzed offline. Statistical analyses were completed with SAS statistical software using PROC MIXED (SAS v9.1.3, SAS Institute, Cary, NC). Data were analyzed using a two-way repeated-measures ANOVA (condition ϫ time) with a priori contrasts of specific condition-time combinations. As such, we did not employ a multiplecomparisons adjustment. Differences were considered statistically significant when P Ͻ 0.05. All values are presented as means Ϯ SE unless otherwise indicated.
Because changes in baseline skin blood flow can affect interpretation of cutaneous vascular responses during cold stress (11), we expressed decreases in cutaneous vascular conductance during cold exposure both in terms of normoxic and hypoxic baseline values. In this way, any effect of a baseline shift in cutaneous vascular conductance (during hypoxia) on the interpretation of vasoconstrictor responses during cold stress should be apparent in our results. Figure 1 shows cutaneous vascular and cardiorespiratory responses to the three hypoxic conditions. As planned, oxyhemoglobin saturation decreased to ϳ80% with only slight differences in the kinetics of this response between conditions (P Ͻ 0.001 for condition ϫ time interaction). End-tidal PCO 2 rose by ϳ2 mmHg during hypercapnic hypoxia and fell by ϳ5 mmHg during poikilocapnic hypoxia, with only minimal changes from preexposure baseline during isocapnic hypoxia (P Ͻ 0.001 for condition ϫ time interaction). Importantly, small decreases in end-tidal PCO 2 during isocapnic hypoxia do not represent a deviation from eucapnic values, but rather from slightly elevated values at baseline during mouthpiece breathing. Minute ventilation and heart rate both increased the most during hypercapnic hypoxia, while minute ventilation did not change during poikilocapnic hypoxia (condition ϫ time interaction: P Ͻ 0.001 for both minute ventilation and heart rate). Cutaneous vascular conductance increased in all three conditions during steady-state hypoxia, although this effect was transient in the poikilocapnic condition (P ϭ 0.045 for condition main effect, P ϭ 0.063 for condition ϫ time interaction). Steady-state mean arterial pressure was increased by hypercapnic (88.6 Ϯ 4.5 vs. 95.3 Ϯ 4.8 mmHg; P ϭ 0.020) but unchanged by poikilocapnic (87.4 Ϯ 3.9 vs. 90.9 Ϯ 4.0 mmHg; P ϭ 0.150) and isocapnic hypoxia (89.2 Ϯ 3.3 vs. 89.6 Ϯ 4.3 mmHg; P ϭ 0.857; P ϭ 0.012 for condition ϫ time interaction). Figure 2 shows cutaneous vascular responses to whole body cooling during normoxia and poikilocapnic, isocapnic, and hypercapnic hypoxia. The decline in cutaneous vascular conductance during whole body cooling was shifted upward across all time points in the isocapnic hypoxia condition (P Ͻ 0.05 vs. normoxia at all time points; P ϭ 0.018 for condition main effect). However, during both poikilocapnic and hypercapnic hypoxia, cutaneous vascular conductance was not significantly different vs. normoxia at any point during the cold stress (all P Ͼ 0.05). Figure 3 displays the reduction in cutaneous vascular conductance in response to cold stress during normoxic and hypoxic conditions. Responses during hypoxia are contrasted with those during normoxia (i.e., "control") and are displayed as percent changes with respect to both normoxic and hypoxic baseline values. Regardless of how responses are expressed, cutaneous vascular conductance was reduced by ϳ25-35% during cold stress with no differences between conditions (all P Ͼ 0.05). Cardiorespiratory responses during whole body cooling in each condition are displayed in Table 1 .
RESULTS

DISCUSSION
This study yielded two new findings. First, a change in systemic CO 2 does not impact the magnitude of cutaneous vasodilation during acute, steady-state hypoxia in thermoneutral conditions. Second, the magnitude of vasoconstriction elicited by brief whole body cooling is not altered by hypoxia per se. In effect, cold-induced vasoconstriction is superimposed on hypoxia-induced elevations in skin blood flow, such that skin blood flow remains elevated under hypoxic conditions relative to normoxic conditions during brief cold stress.
CO 2 and hypoxic vasodilation in skin. During acute hypoxia exposure, cardiac output is increased while mean arterial pressure is typically increased modestly or remains unchanged (16) . In the peripheral circulation, we have previously demonstrated that isocapnic hypoxia causes vasodilation, which is not restrained by sympathetically mediated vasoconstriction in nonacral skin (20) . In that study we also demonstrated that cutaneous vasodilation during hypoxia is not caused by the hyperpnea associated with hypoxic exposure. Thus hypoxemia per se causes cutaneous vasodilation, which is neither mediated nor opposed by sympathetic vasoconstrictor nerve activity. However, hypoxemia is rarely normocapnic in presentation and is often accompanied by hypocapnia (e.g., during altitude exposure) or hypercapnia (e.g., obstructive pulmonary disease). Therefore, in the present study we sought to test the effect of changes in systemic PCO 2 on the magnitude of cutaneous vasodilation during hypoxia. We found that cutaneous vascular responses to steady-state hypoxia were not altered by changes in CO 2 levels, although the response during poikilocapnia diminished toward the end of the 5-min steady-state exposure. Thus cutaneous vasodilation during poikilocapnic hypoxia is similar in magnitude to the isocapnic hypoxic response but may be either transient or biphasic in nature. Because cold stress was initiated after 5 min of steady-state hypoxia in each condition, the present data set is not suited to reveal the temporal characteristics of these hypoxic responses. The present findings contribute to a growing body of evidence suggesting that the human cutaneous circulation is regulated differently than the skeletal muscle circulation during acute hypoxic exposure. Whereas the development of hypocapnia had little impact on the magnitude of cutaneous vasodilation during hypoxia, Black and Roddie (3) previously demonstrated that much of the forearm hypoxic vasodilation could be abolished by preventing the fall in PCO 2 . The basal flow values reported by Black and Roddie (3) indicate that ϳ75% of forearm flow was likely directed to skeletal muscle in those experiments (6) . In addition, increases in sympathetic nerve activity directed to skeletal muscle cause vasoconstriction during acute hypoxia (8, 9, 18, 21, 25) , whereas this response is functionally absent in the cutaneous circulation (20) . That is, blocking sympathetic neural transmission in the whole forearm circulation unmasks greater vasodilation during hypoxia (25) , while similar experiments focusing on the cutaneous circulation reveal no effect (20) . Thus the cutaneous vasculature is regulated independently and differently than the skeletal muscle circulation during acute hypoxia in healthy humans.
At first glance it seems that the failure of hypercapnia to potentiate hypoxic vasodilation is at odds with previous research demonstrating the vasodilator actions of CO 2 in the skin circulation (7, 20, 22) . However, it is important to view these data in the context of the degree of hypercapnia imposed (2 mmHg above eucapnia), which was limited by the capacity of our breathing apparatus. This hypercapnic stimulus was sufficient to increase ventilation 17 l/min beyond that achieved during isocapnic hypoxia, likely due to the synergistic effect of combined hypoxia and hypercapnia on peripheral chemoreflex activation (21) . However, a greater stimulus is probably necessary to produce cutaneous vasodilation. Previous studies which demonstrated a local effect of CO 2 on skin blood flow used either water baths at high CO 2 concentrations (4 g of CO 2 /l) or subcutaneous injections of 12.5-100% CO 2 gas (7, 22) . In addition, our prior work (20) , in which 5-and 9-mmHg elevations of end-tidal PCO 2 values above eucapnia were associated with only modest vasodilation, suggested that the cutaneous vasodilation in response to such mild hypercapnia is not a local vascular response but is dependent on sympathetic neural responses (i.e., sympathetic withdrawal). Taken together, these data indicate that the lack of effect of hypercapnia on hypoxic cutaneous vasodilation in the present study should not be viewed as evidence against the impact of CO 2 on skin blood flow but likely resulted from the use of a hypercapnic stimulus too weak to exert peripheral vascular effects in the cutaneous circulation.
Reflex cutaneous vasoconstriction during hypoxia. During whole body cold stress, we found that although the pattern and magnitude of vasoconstriction was unaltered by either hypoxia or changes in CO 2 , vasoconstriction started at an elevated baseline due to hypoxia-induced vasodilation. As a result, skin blood flow during cooling was consistently higher compared with normoxic conditions, resulting in a relative state of dilation that persisted through the entire cooling period. However, the magnitude of this shift associated with hypoxia was somewhat diminished by any change in CO 2 levels (hypercapnia or hypocapnia). Nevertheless, the data indicate that hypoxia per se is responsible for an upward shift in skin blood flow during cold stress, similar to the effect of hypoxia in thermoneutral conditions (20) . The present findings agree with earlier studies demonstrating that skin temperature is elevated in hypoxic conditions and remains elevated (relative to normoxia) throughout a period of cold stress (4, 5) . In one study, elevated skin temperature measured during combined hypoxia and cold stress was associated with a faster fall in core temperature compared with normoxia (5). Thus persistent cutaneous vasodilation may be unfavorable at high altitude, acting to maintain higher core-to-skin heat transfer and ultimately greater core heat loss. However, this hypothesis has not been systematically tested to date, and it is unclear how prolonged exposure to high altitude (e.g., during a mountaineering expedition) would modify cutaneous vasodilation or vasoconstriction in this setting.
Experimental considerations: baseline skin blood flow during hypoxia. Exposure to hypoxia alters resting skin blood flow and therefore has the potential to confound interpretation of cutaneous vasoconstrictor responses when expressed relative to baseline values (11) . To overcome this potential limitation, we measured cutaneous vascular conductance continuously throughout the transition between normoxic, hypoxic, and whole body cooling conditions. Therefore, we were able to express vasoconstrictor responses measured during hypoxia relative to both the normoxic and hypoxic baseline data. Using this approach, we showed that the baseline shift in cutaneous vascular conductance during hypoxia (i.e., hypoxic vasodilation) does not affect the interpretation of results from this study.
Conclusions. In summary, we have shown that the magnitude of cutaneous vasodilation during steady-state hypoxia is not affected by CO 2 responses. In addition, the magnitude of reflex vasoconstriction was not altered by hypoxia, such that an upward shift in skin blood flow was observed throughout whole body cooling during isocapnic hypoxia. It is likely that this has implications for thermoregulation against cold exposure at altitude or in other hypoxic settings.
